A dense network of helicopter-based groundpenetrating radar (GPR) measurements was used to determine the ice-thickness distribution in the Mauvoisin region. The comprehensive set of ice-thickness measurements was combined with an ice-thickness estimation approach for an accurate determination of the bedrock. A total ice volume of 3.69±0.31 km 3 and a maximum ice thickness of 290 m were found. The ice-thickness values were then employed as input for a combined glacio-hydrological model forced by most recent regional climate scenarios. This model provided glacier evolution and runoff projections for the period 2010-2100. Runoff projections of the measured initial ice volume distribution show an increase in annual runoff of 4 % in the next two decades, followed by a persistent runoff decrease until 2100. Finally, we checked the influence of the ice-thickness distribution on runoff projections. Our analyses revealed that reliable estimates of the ice volume are essential for modelling future glacier and runoff evolution. Wrong estimations of the total ice volume might even lead to deviations of the predicted general runoff trend.
Introduction
The demand for renewable energy is rising, especially when considering the declining confidence in nuclear power and the ascending greenhouse gas emissions (Bundesamt für Energie, 2011a) . Particularly in alpine regions with sufficient amounts of precipitation, hydropower is one of the most efficient and appropriate energy sources (Bundesamt für Energie, 2011b) . In many high-mountain basins the water supply to hydropower reservoirs primarily consists of melt providing considerable amounts of water even in summer, when precipitation events are rare (Verbunt et al., 2003; Hock et al., 2005) . Glaciers act as large freshwater reservoirs accumulating snow during the cold season and releasing the water accumulated as snow and ice during summer. This leads to sustainable differences in the runoff regime of glacierized basins compared to non-glacierized ones (e.g. Chen and Ohmura, 1990) . However, the projected climate change and the associated glacier retreat entail the potential risk of serious diminution of the glacial induced water supply (Braun et al., 2000; Huss et al., 2008b; Farinotti et al., 2012) .
In recent years, different studies examined the impact of climate change on runoff projections for high-alpine basins (Braun et al., 2000; Verbunt et al., 2003; Horton et al., 2006; Schaefli et al., 2007; Huss et al., 2008b; Farinotti et al., 2012; Uhlmann et al., 2012) . Highly glacierized catchments require appropriate modelling of glacial processes including mass balance modelling (Klok and Oerlemans, 2002; Pellicciotti et al., 2005; Huss et al., 2008b) and adaptation of the glacier surface geometry (Vieli et al., 1997; Schneeberger et al., 2003; Huss et al., 2010; Jouvet et al., 2011) . The initial ice volume distribution forms the basis for the determination of the glacier and runoff evolution of glacierized catchments. In order to deal with difficulties arising from the scarce or no data availability of the glacier bed, ice-thickness estimation approaches (e.g. Farinotti et al., 2009b; Fischer, 2009; Paul and Linsbauer, 2012) have been developed. This study focuses on the determination of the glacier bed topography in the Mauvoisin region and the impact of the initial ice volume distribution on runoff projections of high-mountain catchments until 2100. A dense network of helicopter-and ground-based ground-penetrating radar (GPR) measurements served as data basis for the determination of the ice-thickness distribution. The ice-thickness measurements were combined with an ice-thickness estimation approach in order to determine the glacier bed topography in the study area as accurately as possible (Sect. 3). Integrating the newly acquired knowledge about the ice volume distribution, the Glacier Evolution and Runoff Model (GERM, Huss et al., 2008b; Farinotti et al., 2012) forced by most recent climate scenarios (Bosshard et al., 2011) was applied to derive glacier evolution and runoff projections until 2100 for the region (Sect. 4). The model approach and the sensitivity of the model parameters have been tested in the study of Farinotti et al. (2012) . In the scope of this study, the impact of uncertain ice-thickness estimations, due to a lack of ice-thickness measurements or the usage of inappropriate ice-thickness estimation methods, on runoff projections was analysed (Sect. 5). Uniform ice-thickness distribution, commonly used in macro-scale hydrological models, and more sophisticated results obtained from an ice-thickness estimation method (Farinotti et al., 2009b) deriving the distribution according to the surface topography were considered. Furthermore, the effect of over-or underestimation of the total ice volume was investigated. The main part of the article is divided in three separate sections about (1) the ice-thickness distribution, (2) the glacio-hydrological modelling, and (3) the ice volume sensitivity analysis whereby each section contains the corresponding methods and results.
Study site and data
The Mauvoisin area is situated in the south-western part of the Valais Alps, Switzerland (Fig. 1 ). The catchment extends over an area of 150 km 2 , with 63 km 2 covered by glaciers in 2009, accommodating five larger glaciers (5-18 km 2 ) and several smaller glaciers (< 5 km 2 ). Due to the northwest orientation of the valley axis, the glaciers show exposures from southwest via north to east. They range in altitude from 2200 to 4300 m a.s.l. (Table 1) .
The climate in the Mauvoisin region is characterized by mean precipitation amounts of about 1600 mm a −1 and a mean annual temperature of −3.5 • C.
The transient modelling of glacier and runoff evolution in the past and future requires a wide range of different data sets. Past temperature and precipitation time series as well as projections for the future climate are used to force the model (see Sect. 4.1.1). Direct mass balance measurements, decadal ice volume changes derived from topographic maps and areal photographs as well as runoff measurements are used for model calibration (Table 2 ). Due to long-term efforts, annual mass balance measurements are available since 1966 for Glacier du Giétro and since 1996 for Glacier de Corbassière (Bauder, 2003; Bauder et al., 2007) . Digital elevation models (DEMs) of the glacier surface are available for the years 1934, 1983 and 2009 for all glaciers in the Table 2 . Hydrometric data are available from the hydropower company Mauvoisin since 1982. The data include water level variations of the Mauvoisin reservoir, its outflow and the input of the water conducting pipelines on the left-and righthand side (Fig. 1) . Inflow and lake level measurements have monthly resolution for the period 1982 to 2000 and daily resolution since 2000. According to the available runoff data, we divided the basin into two sub-catchments: the Mauvoisin catchment, which corresponds to the natural catchment of the reservoir, and the Corbassière/Petit Combin catchment, which represents the area in the west including Glacier de Corbassière and Glacier du Petit Combin (Fig. 1) . The runoff time series of the Mauvoisin catchment were generated by subtracting the inflow from the two pipelines and the outflow of the reservoir from the lake level changes.
3 Ice-thickness distribution
GPR measurements
In spring 2011, helicopter-based GPR surveys were carried out on the five largest glaciers in the Mauvoisin region (see Table 2 ). One-hundred and twenty-two km of GPR profiles were recorded whereof 55 % showed clearly detectable reflections, such that they could be incorporated in the ice volume calculation. The data were acquired by the commercial company RST Radar Systemtechnik GmbH (Salem, 
GPR processing
Visualization of the bedrock topography in the GPR sections required several processing steps to be applied. The helicopter-borne GPR data were acquired more or less continuously during the flights. In a first step, the positions of the GPR signals of the different traces were projected on straight profiles which is required for the further processing of the GPR data. In order to remove the inherent system ringing of GPR acquisition systems, a singular value decomposition based on multichannel filters has been performed. In a next step, a bandpass filter was applied, which removed signal portions outside of the frequency band radiated by the GPR transmitter antenna. Then, the reflected signals from the glacier surface had to be identified in the GPR sections, which allowed static corrections to be applied. A further critical processing step included application of gain functions for enhancing small amplitudes at later times in the radargrams (e.g. bedrock reflections). The signal-to-noise ratio was further improved by defining discrete bins along the profiles and stacking the traces contained in each bin. Finally, a Kirchhoff migration was applied for removing artefacts produced by point scatterers (e.g. large boulders) and to correctly position the reflectors in the individual sections. Figure 3 shows a finally processed section across the Glacier d'Otemma. The bedrock reflection is clearly visible and reaches its maximum depth of about 250 m at a horizontal distance of 550 m. 
Uncertainties of GPR measurements
Uncertainties of the ice-thickness measurements originate from different sources of error. The main uncertainty arises due to blurry reflection horizons. Always the upper boundary of the reflection band was picked. By the identification of the bed reflections, care was taken to ensure that no sharp edges of the bed topography result. The uncertainty of this source of error can be assigned to ± 5 m on average. In isolated areas uncertainties of up to ± 15 m can occur due to blurry reflection. Another source of error are uncertainties about the propagation velocity of the electromagnetic wave. The velocity is well known, and therefore the effect on the uncertainty of the ice thickness is negligible small. Further uncertainties are introduced by the projection of the GPR signals on two-dimensional profile sections. The uncertainties associated with this kind of error are spatially highly variable and are difficult to quantify. Hence, this error was not included in the uncertainty analysis. According to these considerations, an overall uncertainty of ± 5 m was determined for the GPR measurements. In order to verify the accuracy of the GPR profiles, a comparison between helicopter-and ground-based GPR measurements was performed. The helicopter-based GPR profiles were arranged in a manner allowing a comparison to ground-based measurements. As shown by Fig. 4 the groundbased agree well with helicopter-based GPR measurements. Remaining differences in the ice thickness are mainly due to slight deviations in the projections of the GPR profiles. Corbassière 1996 -2009 1934 , 1985 , 1997 , 34 (9) km 2003 , 2009 Giétro 1966 -2009 1934 , 1983 , 1998 , 17 (6) km 2003 , 2009 Brenay -1934 , 1983 , 2009 8 km Otemma -1934 , 1983 , 2009 15 km M. Durand -1934 Durand - , 1983 Durand - , 2009 8 km small gl. -1934, 1983, 2009 - 
Ice-thickness estimation
Since the GPR profiles covered only a relatively small portion of the glacierized area, an extrapolation procedure was required for obtaining estimates over the entire area of interest. The literature describes different ice-thickness estimation approaches of various complexity (e.g. Farinotti et al., 2009b; Fischer, 2009; Paul and Linsbauer, 2012) . All of them combine ice flow mechanics with the information about the surface topography for estimating the depth of the glacier bed.
In this study we applied the ice-thickness estimation method (ITEM) of Farinotti et al. (2009b) . ITEM derives the ice-thickness distribution by calculating the ice flow and ensuring mass continuity. Two gradients for the so-called apparent mass balance (i.e. the difference between the actual mass balance and the rate of ice-thickness change), one for the ablation and one for the accumulation zone, have to be assumed. The ice thickness is derived from inverting Glen's flow law (Glen, 1955) . A correction factor c accounts for the valley shape, basal sliding and uncertainties in the chosen flow parameters. This factor has to be calibrated by icethickness measurements in order to maximize agreement between GPR measurements and calculated bedrock or has to be estimated from other glaciers. We have used our GPR measurements to identify suitable correction factors for each profile. In between the profiles, the correction factors were linearly interpolated. On glaciers, where no GPR data were available, a mean correction factor was used. Gradients of the apparent mass balance were derived by the results of the mass balance model and the observed ice-thickness changes (Table 3) .
By interpolation of the GPR profiles, uncertainties are introduced in the ice volume estimation. In order to determine the magnitude of this kind of error, the ice-thickness estimation model was run multiple times for a different number of GPR profiles. By each model run a GPR profile was added to the set of ice-thickness measurements leading to a continuous increase in the accuracy of the ice volume estimation. By including the last profiles to the interpolation, the ice volume uncertainty approached to a level of about 1 %. Hence, the uncertainty introduced by the interpolation method is small for glaciers with a comprehensive set of ice-thickness measurements. The uncertainty of the ice volume calculation of glaciers without ice-thickness measurements was assessed taking the performance of the uncalibrated ITEM into account. Uncertainties of the ice volume calculation are shown in Table 3 . Table 3 . Area, maximal (H max ) and mean (H avg ) ice thickness, ice volume of (1) (V (1) ) and standard deviation, ice volume of (5) (V (5) ), the relative ice volume difference between V (1) and V (5) (V (5:1) ), and the calibrated apparent mass balance gradients for the ablation (db/dz abl ) and accumulation zone (db/dz acc ) of the Mauvoisin region.
Glacier
Area 
Results
Based on all available ice-thickness measurements, a total ice volume of 3.69 ± 0.31 km 3 was determined for the Mauvoisin region for the year 2009 (Table 3) 4 Glacier evolution and runoff modelling
Glacio-hydrological model
For glacier and runoff projections, the glacio-hydrological model GERM was applied (Huss et al., 2008b; Farinotti et al., 2012) . The model is fully distributed and consists of five different modules dealing with accumulation and ablation processes, glacier evolution, evaporation and runoff routing. The model was run on a daily basis for the time period 1900 to 2100 with a spatial resolution of 50 m and 25 m for the Mauvoisin and the Corbassière/Petit Combin catchment, respectively. Model and applications to alpine catchments are described by Huss et al. (2008b) and Farinotti et al. (2012) in more detail. The mass balance model is based on a temperature-index melt model according to the approach by Hock (1999) . It calculates the melt on a linear relationship between ablation and air temperature and includes the effect of potential solar radiation, thus accounting for the variability in slope, aspect and topographic shading. The local melt rate M is calculated in daily resolution by
where F M is the melt factor, r ice/snow the radiation factors for ice and snow, respectively, I the potential solar radiation, and T the mean daily air temperature. Below 0 • C no melting occurs. The accumulation model interpolates the amount of precipitation at the reference location to any location in the catchment on the basis of a calibrated precipitation gradient dP /dz and a precipitation correction factor c prec . Linear transition within a temperature range of 0.5-2.5 • C is used in order to distinguish between snow and rainfall. Further, a spatially dependent snow distribution factor, which is constant over time, is implemented and accounts for snow transport processes through wind or gravity (e.g. avalanches). Glacier surface is updated according to the so-called dhparameterisation . This method relies on the fact that ice thickness changes across a longitudinal profile of a glacier show a typical pattern which is approximately constant over time (Jóhannesson et al., 1989) . In the parameterisation, the annual ice volume change computed by the mass balance model is distributed over the glacier surface according to a predefined pattern. Thereby, the pattern is obtained analysing historic glacier changes in the region of interest.
The runoff routing model consists of three different reservoirs: an interception, a fast and a slow one. In first instance, the water (sum of liquid precipitation and melt) infiltrates in the interception reservoir until it is filled. Afterwards the water is distributed in the fast and the slow reservoir. The filling rate depends thereby on the actual filling level of the slow reservoir. The fast reservoir indicates the near-surface, fast responding runoff, the slow one the runoff from deeper layers retaining water over a longer period. In case of a snow cover, there is a fourth snow reservoir. Part of the outflow from the snow reservoir infiltrates in the soil; the other one contributes directly to runoff. The total runoff is computed by adding the discharge of the slow, the fast and the direct runoff from the snow reservoir. The water loss of the interception reservoir is only controlled by evaporation. The individual reservoirs act as so-called linear reservoirs where the runoff volume is proportional to the actual filling level of the reservoir. The model distinguishes between five different surface types: ice, snow, rock, low (meadow) and high vegetation (forest). The size of the reservoirs and the corresponding retention constant are dependent on the surface type. For further details on the GERM model, refer to Farinotti et al. (2012) .
Model forcing
The model is forced with continuous temperature and precipitation time series (1900-2100) with daily evolution. In order to reconstruct the past climate conditions in the Mauvoisin area, regional temperature and precipitation data from weather stations in the vicinity of the study site are taken into account. Monthly temperature values between 1900 and 2009 were obtained by inverse-distance weighting of the homogenized climate time series of 12 different weather stations maintained by MeteoSwiss (Begert et al., 2005) . In order to get temperature time series with daily resolution, daily fluctuations of the weather station in Sion were superimposed on the monthly values. Temperature lapse rates were computed by using data of weather stations closer than 50 km to the study area (Fig. 1) . The homogenized temperature time series were shifted to the mean altitude of the investigated catchment by using the temperature lapse rate. For precipitation, the time series of the weather station of Bourg-St-Pierre were chosen due to the vicinity to the study site and the long record reaching back to 1900. These daily precipitation time series were scaled in order to match the monthly precipitation values given by the PRISM data set (Schwarb et al., 2001) . The data set provides mean monthly precipitation sums for the Swiss Alps on a grid with 2 km resolution and the period [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . Precipitation lapse rate is determined during the calibration procedure by using the mass balance data. Temperature and precipitation lapse rate were kept constant over time. For further information about the generation of the climate time series of the past, see Huss et al. (2008a) .
Future climate time series (2010-2100) of the Mauvoisin region are based on scenarios developed in the framework of the European ENSEMBLES project (van der Linden and Mitchell, 2009). Regional climate scenarios of 10 different model chains (combination between general circulation models and regional climate models) based on emission scenario SRES A1B (IPCC, 2000) were used. The data were obtained from the Center for Climate Systems Modeling (C2SM) providing daily temperature and precipitation changes for two periods in the future (2021-2050; 2070-2099) in comparison to a period in the past (1980 ( -2009 ( ) (CH2011, 2011 Bosshard et al., 2011) .
In order to meet the model requirements of continuous climate time series, the changes in temperature and precipitation between the different periods are assigned to the middle of each period and are linearly interpolated in between. An interannual variability is introduced by superimposing daily fluctuations of the past on the interpolated time series. We followed the approach of Farinotti et al. (2012) and generated 10 different meteorological time series for each of the ten considered model chains. This results in 100 different time series of daily temperature and precipitation by which the model can be forced and allows to estimate a possible bandwidth for the climate evolution.
According to the climate projections provided by C2SM, the temperature in the Mauvoisin region (weather station at 1840 m a.s.l.) will increase by about 1.2±0.44 • C on average until 2021-2050 and by about 3.4±0.63 • C until 2070-2099 compared to the reference period. Mean precipitation will increase by about 1.4 ± 2.4 % until the first period, but decreases by about −2.8 ± 3.8 % until the second period. These average changes in temperature and precipitation are not uniformly distributed over the year. Temperature is projected to increase most during summer and precipitation most in spring and autumn.
Calibration
The calibration of the model parameters was performed by an automated multi-layer iterative procedure as described in Huss et al. (2008b) and Farinotti et al. (2012) . In addition to hydrometric data, glacier volume changes and direct mass balance measurements were incorporated in the calibration procedure, which strongly reduce the uncertainties of the model parameters (Jost et al., 2012; Stahl et al., 2008) . Optimum calibration is essential in order to ensure reliable glacier and runoff projections. Inappropriate parameter estimation or changes in parameter values in the future may lead to deviations from the predicted glacier and runoff evolution (see Discussion).
In a first step, the parameters of the melt and the accumulation module (F M , r ice/snow , c prec , dP /dz) were calibrated by means of observed ice volume changes and mass balance measurements (Table 4) . Melt and radiation factors were adjusted according to ice volume changes, precipitation gradient and precipitation correction factor according to mass balance measurements. The temperature gradient dT /dz was previously determined by means of climate data from weather stations near the study site as described in Sect. 4.1.1. In a second step, the parameters of the runoff routing model were iteratively adjusted in order to ensure maximal agreement between observed and modelled runoff (Table 4) . For validation the Nash-Sutcliffe criterion was calculated for daily, monthly, and annual runoff volumes (Nash and Sutcliffe, 1970) . The model parameters were cross validated by calibrating the parameters for the period 1934-1983 and validating them for the period 
Results

Glacier evolution
Since the beginning of the 20th century, the glaciers in the Mauvoisin region have been in retreat. Between 1900 and 2009 the initial ice volume has decreased by 43 %, from 6.49 km 3 to 3.69 km 3 . Almost half of this ice volume loss occurred during the past 30 yr. Hence, the retreat rate has nearly doubled since the beginning of the 1980s (Fig. 5) . Similar mass balance rates could be also observed between 1943 and 1954. Only a short period of mass gain was observed between 1978 and 1983, when the ice volume increased by about 192 mio m 3 corresponding to an increase of 3.6 % in total ice mass.
According to the applied model, all glaciers in the Mauvoisin region will severely retreat in the future independent of their size. By the end of the 21st century, the entire area will be nearly ice-free. Only some ice patches above 3500 m a.s.l., with a total ice volume of 0.11 km 3 (0.08 ↔ 0.24 km 3 ), are expected to remain. Small glaciers will vanish completely.
The amount of retreat of the glaciers in the Mauvoisin region is mainly controlled by the elevation of their accumulation area (Fig. 6) . Small glaciers or parts of them below 3000 m a.s.l. are expected to disappear by 2020 as in case of Glacier de Fenêtre, Glacier de la Tsessette and, to some extent, also Glacier de Crête Sèche. Small glaciers situated at higher altitudes, such as Glacier de Tournelon Blanc, will persist longer.
Model results revealed that larger glaciers, especially those with large ice volumes and high-altitude accumulation areas, will retreat considerably more slowly than the smaller ones. Within the next few decades, the larger glaciers will be affected mainly by thinning. Only at a later stage (after 2050), the glaciers are expected to show significant areal wastage. Glacier d'Otemma shows a particularly fast retreat in contrast to the other larger glaciers in the area as indicated by our model. Already around 2070 Glacier d'Otemma will have almost entirely vanished except of some tiny ice patches in the uppermost part. The reason for the rapid retreat of the Glacier d'Otemma despite the large initial ice volume can be associated with its main basin restricted to altitudes below 3100 m a.s.l. In comparison, in 2070 Glacier de Corbassière will cover almost half of its initial area because of considerable ice masses situated at altitudes above 4000 m a.s.l.
Hydrology
According to our reconstruction, the annual runoff in- approximately 260 mio m 3 a −1 . In between, the annual runoff volume dropped back to values of less than 220 mio m 3 a −1 . These fluctuations can be correlated with the glacier evolution as well as with changes in temperature and precipitation (Fig. 7) . In the next two decades, annual runoff is projected to increase to approximately 275 mio m 3 a −1 (+4 %). Afterwards, a continuous decline is expected until the end of the 21st century. Compared to the maximal runoff volume of 275 mio m 3 a −1 , the annual runoff will drop about 25 % to 207 mio m 3 a −1 until 2100. In comparison to a previous study addressing nine selected catchments in the Swiss Alps (Farinotti et al., 2012) , in future runoff evolution in the Mauvoisin catchment shows a similar evolution as other strongly glacierized catchments. The changing climate and the associated glacier wastage will not only affect the amount of annual runoff, but also the individual runoff components, leading to significant changes in the runoff regime. At present, the runoff regime is dominated by ice-and snowmelt and shows a peak discharge in the months July and August (Fig. 8) . Modelled runoff projections indicate that, in the future, the mean daily runoff in summer will strongly diminish, whereas during winter daily runoff will slightly enhance due to higher air temperatures. Currently, a maximum mean daily runoff of 28 m 3 s −1 is attained at the end of July, which will decrease to 18 m 3 s −1 until the year 2100. Beside the reduction of daily runoff, also a shift of peak runoff is expected. According to the model, maximal runoff values will occur 1.5 months earlier at the end of the 21st century compared to the reference period. This shift of the peak discharge from end of July to mid-June results from the decrease of the runoff volumes in the months July to September by about 44 % compared to the reference period. Furthermore, the runoff projections indicate that daily runoff increases slightly earlier in spring compared to the present situation due to the earlier onset of the snowmelt season. The time offset between the beginning of the melt season in the reference period and in 2100 is around three weeks. Similar changes in the runoff regimes of high-alpine basins in the future have been reported by other studies (Horton et al., 2006; Uhlmann et al., 2012) . The reason for these changes in the runoff regime becomes evident by considering the evolution of the different sources of water input to the runoff model with progressing climate change (Fig. 9) . The model employed distinguishes between liquid precipitation, snowmelt, and ice melt. Firn is counted to ice melt. Between the sum of the three water input components (Fig. 9 ) and the runoff regime (Fig. 8 ) is a slight difference originating from runoff routing. During the reference period , snowmelt is the main component and accounts for 60 % of the water input. At present, snow runoff contribution starts to increase mid-May and reaches a maximum at the beginning of July. The ice melt increases later in the season (at the beginning of June), and its maximum occurs around the end of July. Model projections show that maximum snowmelt is shifted to the beginning of June and that the ice melt is reduced and its maximum shifted to mid-August by the end of the 21st century. Hence, the shift of the snowmelt peak and the reduction of the ice melt lead to reduced runoff volumes in July and August as shown by the runoff regime evolution. According to our model, ice melt will decrease about 74 % between 2010 and 2100 and will contribute only by 2 % to total runoff in the year 2100. The remaining runoff will originate in equal parts from snowmelt (48 %) and liquid precipitation (50 %). Snow melt will experience a less pronounced decrease than ice melt. From 2010 to 2100 snowmelt reduces about 11 %. The reduction of snowmelt is caused by less solid precipitation due to the expected temperature rise and generally decreased precipitation amounts. In fact, total precipitation will reduce about 6 % until 2100 compared to the reference period . The results of the runoff analysis are summarized in Table 5 . 
Ice volume sensitivity analysis
Extensive helicopter-borne GPR measurements allowed the ice-thickness distribution in the Mauvoisin area to be determined accurately. If such data sets are not available, simplified models need to be employed. By means of a sensitivity analysis, we have quantified the influence of the initial icethickness distribution on glacier and runoff projections.
For that purpose, we considered five different icethickness distributions (Fig. 10 ).
1. Approach as described in Sect. 3.2., case (1) refers to the reference ice-thickness distribution based on the measurements.
2. Ice-thickness distribution has the same pattern as (1) but scaled by +20 %. This case shows the influence of overestimated total ice volumes on runoff projections.
3. Ice-thickness distribution has the same pattern as (1) scaled by −20 %. Case (3) emphasizes the impact of underestimation of the total ice volume on the runoff evolution. 4. Ice-thickness distribution is uniform with a mean ice thickness calculated by the ice volume based on (1) for each glacier. This distribution is the most simple case and is used in most macro-scale hydrological models where ice volume is crudely processed (Fig. 10c) .
5. Ice-thickness distribution is calculated by the ITEM assuming a correction factor c of 0.53 as used in the study by Farinotti et al. (2009a) for unmeasured glaciers. Apparent mass balance gradients are set to 0.9 × 10 −2 a −1 for the ablation zone and to 0.5 × 10 −2 a −1 for the accumulation zone. This method provides a spatial distribution pattern based on the glacier surface topography. Case (5) shows the performance of ITEM if no icethickness measurements are available (Fig. 10b) . When assuming a constant correction factor c = 0.53 (5), ITEM overestimates the total ice volume of the Mauvoisin region by about 36 % (Table 3) . Especially for Glacier du Brenay and Glacier du Mont Durand, the ice volume is overestimated by 61 and 80 %, respectively. Glacier du Giétro shows in case of c = 0.53 an exceptional small deviation of only −7 %. Glacier de Corbassière and Glacier d'Otemma show mainly in the lower area large ice-thickness deviations between the GPR-and the ITEM-based bed topography of up to 130 m (Figs. 10 and 11) . Glacier du Brenay and Glacier du Mont Durand show deviations in the ice thickness of the same order, but the largest deviations are located more in the center than on the lower part of the glacier.
Impact of initial ice volume distribution on runoff
The different ice volume distributions significantly affect the runoff projections. In case of the GPR-derived ice volume, (1) annual runoff will slightly increase (about 4 %) from 2010 until about 2030 to a maximal annual runoff volume of 275 mio m 3 a −1 . Afterwards, the runoff volume starts to decrease gradually until 2100 (Fig. 12) . Overestimation of the total ice volume of about 20 % (2) results in a pronounced increase of the annual runoff over a prolongated period of time compared to GPR-derived runoff. Peak discharge will occur around 10 yr later with a volume of 279 mio m 3 a −1 (+1 %) compared to (1). Underestimation of the total ice volume (3) leads in the case of the Mauvoisin region to changes in the trend of the runoff evolution in the next decades. Instead of a further runoff increase, annual runoff continuously Fig. 1 ). The thin black line refers to the glacier bed derived from the GPR measurements, the thin grey line to the bed computed by the ITEM and the blue line to the glacier surface. The red crosses mark the GPR-based ice-thickness measurements.
decreases until the end of the 21st century with general lower runoff volumes compared to GPR-derived results. Neglecting a spatial ice volume distribution by assuming uniform icethickness distribution (4) leads to an overestimation of the runoff in the next two decades due to too large ice masses in low altitude. Maximal annual runoff will occur around 2020 with a peak discharge of 283 mio m 3 a −1 (3 %). In a later stage, the runoff of the uniform ice volume distribution aligns to the GPR-derived runoff curve. The application of ITEM with the uncalibrated and fixed parameter set (5) overestimates the ice volume in the Mauvoisin region about 36 % which results in a similar runoff evolution as in case of the ice volume overestimated by 20 % (2). But, in case (5) the annual runoff shows a sharper increase of 12 % between 2010 and 2040. A maximum peak runoff of 287 mio m 3 a −1 is expected in this case.
Discussion
The ice volume sensitivity study emphasizes the importance of an accurate ice volume determination for glacier and runoff projections. The incorporation of ice-thickness measurements in the ice volume calculation is crucial in order to receive reliable ice volumes and ice-thickness distributions. Inaccurate estimations of the total ice volume will cause deviations from the predicted general runoff trend. In case of the Mauvoisin region, it could be shown that an overestimated ice volume reveals a sharp runoff increase in the the next few decades, whereas estimations supported by measurements show almost no further increase in annual runoff. The ice-thickness distribution affects the runoff evolution as well, but not as pronounced as in case of an overestimated ice volume. A uniform ice volume distribution entails particularly in the next few decades an overestimation of runoff and is therefore less suitable for short-and mid-term projections. After major ice volume has melted, it only differs slightly from the GPR-derived runoff evolution. In absence of icethickness measurements, a mean parameter set has to be assumed carrying the potential of over-or underestimation of the true ice volume. In case mass balance measurements are available, mass balance gradients can be adjusted leading to improvements in the ice volume estimation. Due to the high sensitivity of the ice volume estimation on the correction factor (Farinotti et al., 2009b) , the use of an appropriate correction factor is of much higher importance compared to the mass balance gradients. Knowledge about the local ice thickness enables the calibration of the correction factor resulting in a significantly increased accuracy of the ice volume estimation. New approaches are required for better assessing correction factors for individual glaciers if no ice-thickness measurements are available. Our results suggest that the incorporation of GPR-based ice-thickness measurements is of high importance in order to provide reliable runoff projections especially for the next 30-40 yr when profound changes are expected. Despite the high density of ice-thickness measurements and the application of an ice-thickness estimation method, the true bed topography is not fully known. Uncertainties arise due to uncertainties of the ice-thickness measurements and due to the interpolation method. Taking these two sources of error into account, an overall uncertainty of ±8 % was determined for the total ice volume. This uncertainty leads to the same alterations of the runoff projections as shown by the results of the sensitivity analysis for underand overestimated ice volume (20 %), but less pronounced.
A simple approach to compute the glacier evolution is the accumulation area ratio (AAR) method as used by several studies (e.g. Schaefli et al., 2007; Paul et al., 2007) . This method updates the glacier surface according to the modelled accumulation area and a fixed accumulation area ratio assuming infinite ice volume. Moreover, no mass conservation is provided. Huss et al. (2008b) showed a poor performance of the AAR method compared to an approach with a transient glacier evolution model and an initial ice volume distribution. According to Huss et al. (2008b) , the annual runoff volume is up to 30 % underestimated by the AAR approach, which is clearly below the performance of all tested ice volume distributions.
The reliability and usefulness of the glacier evolution and runoff projections are also affected by uncertainties in the future climate evolution. The climate scenarios applied are based on the most recent climate study and incorporate different combinations of regional and general circulation models. However, only emission scenario SRES A1B (IPCC, 2007) was considered. Deviations from the chosen emission scenario might entail a different glacier evolution and consequently changes in the projected future runoff regime.
Uncertainties arise also from the chosen model approach. The prediction of the glacier evolution is determined on the basis of a temperature-index melt model in combination with an accumulation model. Due to the low data requirement of this approach, it is well suited for distributed modelling of entire catchments and available for future climate scenarios. However, temperature-index melt models act just as simplified approaches of the true surface energy balance and react only to changes in the temperature and precipitation field. Other factors, such as variations in incoming or outgoing radiation or changes in the wind field, are not incorporated and may lead to different results. In the 1940s, a rise in the global radiation led to higher melting rates compared with today's climate conditions despite of lower air temperatures (Huss et al., 2009) . Such variations of solar radiation are not captured by temperature-index melt models retaining a constant parameter set and might yield discrepancies between projected and real glacier evolution.
Furthermore, uncertainties about the model parameters have the potential to cause deviations from glacier and runoff projections. The study of Farinotti et al. (2012) reveals that runoff projections are particularly sensitive to changes in the temperature gradient and melt parameter values. The study shows that a reduction of the temperature lapse rate by 10 % yields a decrease of the mean annual runoff between 2010 and 2100 of about 25 % and that an increase of the melt parameters of 10 % leads to an increase of the mean annual runoff of 11 to 20 % in the same period. The temperature distribution has a big impact on runoff projections, because it controls the snow and ice melt and additionally also the phase of precipitation. Under-or overestimation of the total ice volumes leads to deviations in the mean glacier melt of the same order. In case of the ITEM-derived glacier bed topography, the total ice volume is overestimated by 36 % leading to a reduction of the mean glacier-induced runoff between 2010 and 2100 of about 31 %. This corresponds to a mean annual runoff reduction of about 4 % in the period 2010 to 2100, which is less than the effect of the temperature gradient and the melt parameters, because the ice volume affects the ice melt component only. But the discrepancy between the two runoff evolutions is higher for individual years, as around 2050, where the annual runoff based on the ITEM-derived ice volume distribution is overestimated by about 10 %. For glacierized catchments the incorporation of glacier-specific data for the calibration procedure is crucial in order to reduce the uncertainty of the model parameters and to provide reliable projections (Stahl et al., 2008; Jost et al., 2012) . For this reason we are confident that the calibrated parameters are, despite the simple calibration method, appropriate for modelling the glacier and runoff evolution. Further improvements in the parameter estimation might be achieved by applying a more sophisticated optimization algorithm, but uncertainty about the validity and potential variations of the parameters in the future will remain.
Enlargement of the debris-covered area of a glacier might yield attenuation of the glacier retreat in future. Glacier d'Otemma and Glacier du Brenay show already an extended debris cover in the ablation zones. During the last decades, especially small glaciers in the Mauvoisin area have shown a strong increase in debris cover. Similar observations have been reported from other mountain regions (KellererPirklbauer, 2008; Popovnin and Rozova, 2002; Stokes et al., 2009) . In contrast, an increase in dust cover reduces the albedo and leads to an intensification of the melt process (Oerlemans et al., 2009) . Insufficient understanding of the processes yielding changes in debris or dust cover and lack of data inhibit the implementation of debris cover evolution in melt models (Reid and Brock, 2010) .
Moreover, the glacier evolution also involves uncertainties arising from the accumulation model. The spatial distribution of precipitation and the distinction between liquid and solid precipitation are complex. Variable redistribution of snow by wind and avalanches further increases the complexity of the accumulation pattern (Lehning et al., 2008 ). The applied model includes a simplified snow redistribution approach but assumes constant snow redistribution patterns in time. Further effort is required to increase the accuracy in modelling the snow distribution on glaciers (Dadic et al., 2010) .
Projections of the annual runoff volume and the runoff regime were compared to the results of the study by Schaefli et al. (2007) which investigated the influence of the climate change on the hydropower production in the Mauvoisin region by a more simplified approach. Our results show higher annual runoff volumes by the end of the 21st century compared to Schaefli et al. (2007) . Changes in the daily runoff regime as the reduction of the peak discharge and the shift toward earlier in season are ascertained by both studies. However, a direct comparison is not possible, because (1) different climate scenarios were used, and (2) the investigated catchments differ in their extent.
Conclusions
In this study we combined results from extensive GPR measurements with an ice-thickness estimation approach (Farinotti et al., 2009b) , for determining the present ice volume in the Mauvoisin area. A total ice volume of 3.69 ± 0.31 km 3 was calculated by including all available measurements, and a maximal ice thickness of 291 m was found. The derived ice volume distribution served as input for a combined glacio-hydrological model (Huss et al., 2008b; Farinotti et al., 2012) , by which glacier and runoff projections were determined. By means of a sensitivity analysis, we could demonstrate that an under-or overestimation of the total ice volume may lead to severe distortions of the runoff projections and potentially even to deviations from the projected general runoff trend. Particularly for projections for the next 20 to 30 yr, an accurate ice volume determination and an appropriate ice-thickness distribution is crucial. The study emphasizes the importance of the incorporation or GPR measurements in order to get reliable ice-thickness distributions. Including ice-thickness measurements clearly increases the accuracy of the ice volume estimation and, hence, the runoff projections. According to our model, the annual runoff will rise about 4 % to a maximum of 275 mio m 3 a −1 until around 2030 and will drop in the subsequent period to 207 mio m 3 a −1 by 2100. The runoff regime is expected to change from an ice melt-to a snowmelt-dominated regime. Maximum mean daily runoff will decrease from 28 m 3 s −1 to 18 m 3 s −1 from 2010 to 2100 and will occur 1.5 month earlier by 2100 than in the reference period.
Application of helicopter-based radar measurements on further alpine catchments will lead to a more profound knowledge about the ice volume and the ice-thickness distribution in the Alps. According to an improved knowledge about the ice volume distribution, glacio-hydrological projections will become more accurate. Progress in model approaches (e.g. knowledge of the long-term behaviour of model parameters) and the development of improved climate scenarios may further reduce the uncertainty about the future evolution.
